In Vitro Alterations of Epidermal Cell Adhesion Induced by Temperature, Substrate, and Cations  by Patel, Harish et al.
0022-202X/81 17606-04 74$02.00 / 0 
TH E JOURNAL OF INVESTI GATIVE DrmMATOLOGY , 76:474-479, 198 1 
Copyrighl © 198J by The Williams & Wilkins Co. 
Vol. 76, No.6 
Printed in U.S.A. 
In Vitro Alterations of Epidermal Cell Adhesion Induced by 
Temperature, Substrate, and Cations 
HARISH PATEL, M.D., CYNTHIA MARCELO, PH.D., JOHN J. VOORHEES, M.D., AND LUIS A. DIAZ, M .D. 
Tmmunodennatology Unit, Department of Dermatology and the Veterans Administration M edical Center, Ann Arbor, Michigan, U.S.A. 
Epidermal cell-to-cell or basal cell-to-substrate adhe-
sion in vitro, involves as yet, unknown mechanisms. The 
rate of attachment of newly dissociated neonatal mouse 
epidermal cells and the rate of keratinocyte detachment 
from preformed epidermal monolayers was investigated 
under a variety of experimental conditions. 
In the present investigation, we obtained the fol1owing 
results: (1) variables such as temperature, nature of 
substrate, and presence of cations in the growth medium 
were important in the initial cell-to-substrate attach-
ment; (2) removal of Ca++ and Mg++ from the growth 
medium was associated with a very low attachment rate 
«5% at 24 hr and 48 hr); (3) the initial cell-to-substrate 
attachment of epidermal cells decreased about 50% when 
maintained in medium deficient in either Mg++ or Ca++ 
indicating that both cations are important in the cell-to-
substrate attachment; (4) keratinocyte-detachment from 
preformed monolayers increased in medium deficient in 
Ca++, Mg++ as well as in medium only deficient in Ca++. 
However, detachment in cultures maintained in Mg++ 
deficient medium was similar to controls. 
In conclusion, Ca++ is one factor that may regulate 
epidermal cell-to-cell and cell-to-substrate interactions 
in vitro. Mg++ appears to influence also in the initial 
attachment pr!>cess of epidermal basal cells. 
Human epidermis is a multilayer tissue programmed to gen-
erate stratum corneum. The stratum corneum is formed of fully 
differentiated ke ratinocytes which slough off continuously from 
the skin surface. The basa l cells constitute the lower most layer 
of epidermal cells and remain firmly attached to t he underlying 
dermis. The mechanisms which control the keratinocyte de-
tachment from the stratum corneum and the way the basal 
cells adhere to the dermis are as yet unknown. 
An epidermal cell culture, at least in certain respects, can be 
considered as the in vitro counterpart of the in vivo epidermis 
since after the basal cells attach, they grow and differentiate 
into a multilayered cell culture [1]. An unknown number of 
fully differentiated keratinocytes cont inuously slough off from 
these epidermal monolayers. In vitro, the initial cell-to-sub-
strate adhesion is a complex multistep biochemical phenome-
non in which a dynamic interaction is established between t he 
cell and its substrate [2]. A variety of cell surface molecules 
have been isolated and implicated as mediators of this cell 
attachment [3-5]. Previously, we suggested that pemphigoid 
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antigen may be one of these a ttachment molecules in human 
skin [6]. Cell detachment, on the other hand, resul ts from 
molecular alterations on the cell surface of interacting cells 
[7 ,8]. Both phenomena are in vitro and in vivo expressions of 
cellular adhesiveness. 
Two closely re lated adhesiveness processes may be described 
in epidermis in vivo and in vitro. One is the continuous detach-
ment of fully differentiated keratinocytes from stratum cor-
neum and the other is t he attachment of basal cells to the 
dermis or to a n in vitro substrate. Both processes are of appar-
ent biological sign ificance in vivo. [t is the purpose of t his study 
to describe certain factors that may influence the ini t ial attach-
ment of epidermal cells in vitro and the detachment of fully 
differentiated keratinocytes from the in vitro epidermis. 
MATERIALS AND METHODS 
Cell Culture 
Epidermal basa l ce lls from 0-24 hr old BALB/C mice were isolated 
as described by Marcelo et a l [I]. Briefl y, pieces of skin were incubated 
at 37°C for 60 min with 0.25% trypsin (Sigma), in medium 199 (M-199) 
conta ining modified EaJ·le's sa lt and glutam ine (Flow Labs, Rockville, 
MO) , equilibrated for ai r. The dermal side of t he sepaJ'ated epidermis 
was gently scraped in M-199 containing 50 IU / ml of penicillin and 50 
J.Lg / ml of streptomycin (P&S), (Flow Labs, Rockville, MO) supple-
mented with 13% fetal calf serum (FCS), (Kansas Biologicals). Th e 
resulting cell suspens ion was subjected to discontinuous dens ity gra-
dient centrifugation us ing a 12, 15, 18, and 20% Ficoll gradient for 30 
min at 250 g. Epidermal basa l cells were recovered in the 20% Ficoll 
fraction and washed with M- 199 conta ining P&S, supplemented with 
13% FCS. The cells were resuspended to a known volume in the same 
medium . The e ffects of Calcium (Ca++ ) and magnes ium (Mg ++ ) on 
epidermal ce lls were investigated us ing cells previously washed (x3) in 
the respective ca tion-de fi cient medium. A known number of basal ce lls 
in a vo lume of 2.5 ml were seeded in 35-mm Petri d ishes to give ce ll 
densities of 1.3 x 10" or 2.6 x 10" ce lls/cm~ . The cultures were incubated 
at 37°C in an atmosphere of 5% CO~ and 95% air. Approximate ly 95% 
of these ce lls excluded Trypan Blue. At least 2 experiments were carried 
out in duplicate for each of the paJ'ameters on cell adhesion investigated. 
Assay Media. 
The medium used to study epidermal cell attachment was M-199 
containing P&S, supplemented with 13% FCS. Ca++ and Mg·· ... free 
M-199 was obtained commercia lly (Gibco, Grand Island, NY) . Ca++ 
and Mg·" free FCS was prepared by treatment of a stock vo lume of 
FCS with Chelex 100 us ing approximately 30% (W I V) of t he res in 
(BioHad, Richmond, CAl. The concentration of CaH and MgH in FCS 
was determined before and after chelation by atomic absorption (Up-
john Laborato ry Procedures, Inc., Lake Success, NY). Prechelation 
va lues of Ca++ and MgH in t he cation-deficient FCS was obtained by 
t he add ition of CaC I ~ or MgCh This cation restored medium was a lso 
tested in the cell -attachment and cell-detachment assays t.o assure that 
no toxicity had resulted by Chelex 100 treatment of the serum . 
Substrates (or Epidermal Cell Attachment 
Costa r plastic Pet.ri dishes (35 x 10 mm) (Rochester Scientific Co., 
H.ochester, NY), and Petri dishes coated with acid so luble rabbit dermal 
co llagen as described by Liu and Karasek [9] were used as substrates 
in this inves tigat ion. 
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Measurement o( Epiderm.al Cell Attachment 
Several prelimina ry experiments at 4, 8, 12, 16, 20, 24, and 48 hr 
showed that maxima l attach ment is reached at approximate ly 24 hr . 
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Therefore, the basa l cell- to-substrate attachment was determined at 24 
a nd 48 hI' after ce ll pla ting in duplicate cultures. At these 2 t ime points, 
unattached cells were gently aspira ted wi th a pasteur pipette. The 
attached cells were ri nsed 3 times with phosphate buffe red saline 
(PBS). All unattached ceLis were pooled. Attached cells were disso-
ciated wi th 0.2% trypsin in PBS conta ining 0.2% EDTA for 20 min at 
r oom temperature as previously descr ibed [10). Microscopic examina-
tio n of attached and unattached cell suspensions showed that they 
w e re composed predominant ly of s ingle ceLis. 
Both attached and unattached ceLis were immectiately counted with 
t h e Coul ter coun ter (amplification = 8; l / aperature = I, a nd threshold: 
5 - 100) , (Cou lter Electronics, Inc., Hialeah, FL) . The percent,age of 
attached cells was determined by the following formula: 
# of attached cells 
% o f Attachment = x 100 
# of unattached cells + # of attached cells 
The values were expressed as the average of duplicate cultures. The 
counts obtained by Coulter coun ter were verified by hemocytomete r 
coun ts. 
P r o tocol (or Cell A ttachment 
Cell attachment: Freshly isolated basal cells were plated (1.3 x 10" 
ceUs/em' ) in Costar Petri dishes using following media : Control growth 
m edium; Ca++ and Mg++ deficient medium; Ca++ or Mg++ deficient 
m e dium; and cation restored medium. Cell attachment was measured 
at 24 and 48 hI' after plating. 
V iability tests during cell attachment : Trypan Blue exclusion and 
rate of DNA synthesis were used to measure the viability of the 
cult ures. The attached and unattached cells from the control cul tures 
a n d from cultures grown in the cation deficient medium were tested for 
0,4% trypa n blue exclusion 24 and 48 hI' after plating. 
D upl icate control and experimental cultures were pulse labeled for 
1 hr with ["H] thymidine (1.2 /lCi/mI, specific activi ty 5 Ci/mmol, New 
E n g land Nuclear) before their termination a t 24 and 48 hI' a fter pla ting. 
Incorporation of CH] thymidine into an isolated DNA fraction was 
d etermined and the data expressed as cpm/ IO'; cells. 
Measurement o( Epidermal Cell Detachment 
It has been shown [I] that neonatal mouse epidermal ce ll cul tures 
reach confluency a t day 2. Several preliminary experiments indicated 
t h at the number of ceLis sloughed-off (detached) from confluent epi-
dermal monolayers could be quantitated electronically at 24 and 48 hI' 
after growth medium replacement. Therefore, the rates of ce il -detach-
ment were determined at 24 and 48 hr in 2-day-old monolayers. At 
t h ese time points, detached ce lls were genUy aspirated with a pasteur 
p i pette. The monolayers were rinsed with PBS x 3 and the detached 
ceUs pooled. Cells remaining as monolayer were dissociated following 
similar techniques described for ce ll a ttachment studies. 
Cells sloughed from the monolayers a t 24 and 48 hI' were quant itated 
e lectronically (Coulter counter) and the percentage detached cells was 
d etermined by the following formula: 
9> f D h # of detached cells 
o 0 etac ment = # of detached cells + # of attached cells x 100 
T he values were expressed as the average of duplicate cul tures. 
Pro tocol (or Cell Detachmen.t 
Cell detachm ent: The number of cells detaching from the 2-day-o ld 
epidermal monolayers was determined 24 and 48 hI' after incubation in 
con t rol growth medium, Ca++ and Mg++ deficient medium, Ca++ or 
M g++ defi cien t medium and cation restored medium. Two-day-old 
m o n olayers were obtained by pla ting isolated basal cells a t a density of 
L3 X 10" /cm" in normal b'Towth medium. 
V ia.bility test during cell detachment: The percentage of cells that 
excluded 0.4 % trypan blue were determined 24 and 48 hr after exposing 
t h e 2-day-old cultures to the test media . These va lues were determined 
fo r cells detached from the monolayer and cells l'emaining as monolayer. 
RES ULTS 
E ffects of Cell Concentration and T emperature on 
Epidermal Cell Attachment 
This study s hows t h a t ther e is a s light diffe ren ce (below 10%) 
in a ttachment ra tes be tween suspe nsions conta ining 0.5 x IOn 
cells/ml (1.3 x 105 cells/cm 2) and 1 X 106 cells/ml (2.6 X 10" 
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cells/em ") at 31°c' As seen in Fig 1 a nd 2, th ere was a t re nd fo r 
high er attachme n t r ates in cult m es con taining more cells at 
37°C. 
Effects of the S ubstrate on Epidermal Cell Atta.chment 
As s hown in Fig 3, coating th e dis hes wit h collagen sligh t ly 
incr eased t h e num ber of cells t h at attach during t h e first 24 
a nd 48 hr at 37°C. 
E ffects of Ca++ and Mg++ on Cell-to-Substrate Attachment 
R e m oval of both catio ns from t h e growt h m edium al tered 
th e attachme n t rate of e pide rma l basal cells to s u bstrate. T he 
pe rcen t of cells attach ed at 24 and 48 hr fe ll below 5% as seen 
in Fig 4. Addi t io n of Ca++ a nd Mg++ to t his d eficie n t m edium 
was associated wi t h cell attachme n t rates near to con tr ol values. 
This findin g sh ows t h at cations oth er t h a n CaH a nd MgH 
re m oved fro m F CS by Ch e lex-100 ar e no t crucial for epiderma l 
cell-substr ate attachme n t . 
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FI G 3. Rate of attachment of neonata l mouse epidermal ce lls (J .3 
x 10" cells/em") to plastic a nd co llagen substrates at 37°C in norma l 
growth medium . 
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F I G 4. Rate of att;chment of neonata l mouse epidermal cells (1.3 
x 10" ce lls/e m") to plastic substrate at 37°C in Ca++ , Mg++-deflcient 
medium, CaH , MgH -res tored medium and control medium. 
Omission of either Ca++ or Mg++ from the growth medium 
decreased the attachment rates of the basal cells to approxi-
mately half the control value. Addition of either cation (Ca++ 
or Mg++ ) to the cation-deficient medium was associated with 
attachment rates near to control values. These results are 
shown in Fig 5 and 6. 
Trypan Blue Exclusion During Attachment 
The percentages of attached a nd unat tached cells excluding 
this dye were similar in control and cation-deficient medium. 
At 24 and 48 hr, approximately 95% of the attached cells 
excluded the dye. Approximately 60% of unattached cells ex-
cluded the dye at 24 hr and only 45-50% of these cells excluded 
the dye at 48 hr. 
( JHJ Thymidine Incorporation into DNA 
["H] thymidine incorporation into DNA of attached cells at 
24 and 48 hr was comparable in control cultures and in cultures 
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kept in cation-restored medium. An increase in eH] thymidine 
incorporat ion into DNA of a ttached cells kept in Ca++ , Mg++-
defi cient medium was observed as presented in the T able. CH] 
thymidine incorporation into DNA of unattached cells is also 
shown in t he Table. 
Epidermal Cell Detachment 
As seen in Fig 7, 8, a nd 9, in control cul tures or cultures 
maintained in cation-restored medium, the number of cells 
detaching from the monolayers was approximately 60% at 24 
a nd 48 hr. In Ca++, Mg++-deficient medium, however, the 
number of cells detaching from the monolayers increased to 
Symbols Media Ca"(mM) Mg " (mM) 
70 .-e CONTROL 1.84 0 .84 
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FIG 5. Rate of a ttachment of neonatal mouse epidermal ce lls (1.3 
x 10" cells/cm' ) to plastic substrate at 37°C in Ca++ -defic ient medium, 
Ca++ -restored medium and cont rol medi um. The value of Mg++ was 
mainta ined within the physiologic range. 
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FI G 6. Rate of attachment of neonata l mouse epidermal cells (1.3 
x 10" cells/cm' ) to plastic substrate at 37°C in Mg++ -deficient medium, 
Mg++ -restored medium and control medium. The value of Ca++ was 
ma in tained within the physiologic range. 
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['HjThym idine incorporation in to DNA of epidermal cells 
(CPM/ lO (; cells) 
Growth media 
Cont rol 
Ca++ : 1.84 mM 
M g++: 0.84 mM 
Deficien t 
Ca++: 0.003 mM 
M g++: Undetectable 
Restored 
Ca++: 1.84 mM 
M g++: 0.84 mM 
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0 80 
W 
I 70 U 
~ 60 
W 
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U 
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10 
Unattached cells Attached cells 
24 hr 48 hr 24 hr 48 hr 
- - - - - -
Average Average Average Average 
1,710 1,720 4,060 1,140 
820 1,010 15,000 2,344 
3,560 2,750 940 1,089 
Media Ca· ·(mM) Mg · ·(mM) 
CONTROL 1.84 0 .84 
DEFICIENT 0 .0 03 undetectable 
RESTORED 1.84 0 .8 4 
12 24 36 48 
TIME (hours) 
F I G 7. Rates of ce ll detachment from 2-day-o ld epidermal mono-
layers at 37°C when main ta ined in Ca++, Mg++-de ficient medium, Ca+"', 
M g ++-restored medium and cont ro l medium . 
7 5 % a nd 90% at 24 h1· and 48 hJ· (Fig 7) with a parallel decrease 
in t he cells remaining attached in these mono layers. The num-
b e r of detached cells from cultures maintained in cation-re-
stored medium (by addit ion of Ca++ and MG++ or Ca++ alone 
to the defi cient medium) were similar to control cul tures. More-
o v e r, the ra te of cell detachment of cultures ma inta ined in 
e i t her Ca ++, Mg++ -deficient medium or Ca ++ -deficient m edium 
w e re approximately similar as seen in Fig 7 and 8. Again, the 
v a lues of cell detachment in Ca++-restored medium resembled 
co ntrol values. As shown in Fig 9, omission of Mg++ did not 
inc rease the detachment ra tes fTom epidermal monolayers. 
Trypan Blue Exclusion During Detachment 
Approximate ly 30% of cells sloughing off (detached cells) 
from preformed monolayers excluded the dye at 24 and 48 hJ· 
a f ter changing the culture medium in cont rol and cation-defi-
c i e nt cultures. 
DISCUSSION 
This study shows tha t neonatal mouse epidermal cells adhere 
to both plast ic- and collagen-coated substrates, although colla-
gen was a slight ly be tter substrate. Increasing the temperatuJ·e 
of incubation from 31°C to 37°C was also associa ted wi th a 10% 
inc rease in the percentage of cell-to-subst rate a t tachment. P re-
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F I G 8. Rates of cell det.achment from 2-day-o ld epidermal mono-
layers at 37°C when main ta ined in Ca++-deficient medium, Ca++ -re-
stored medium and con t ro l mediu m. The va lue of Mg++ was main ta ined 
within t he physiologic range. 
Symbols Media Co··(mM) Mg ··( mM ) 
70 
--
CONTROL 1. 84 0 .8 4 
........ DEFICIENT 1.84 undetec table 
0 f::r....t:::, RESTORED 1.84 0 .84 
W 60 
I 
U 50 
~ 40 W 
0 
30 
(f) 
--.J 20 
--.J 
W 
U 10 
~ 0 
12 24 36 
TIME (hours) 
FI G 9. Rates of cell detachment from 2-day-old epide rmal mono-
laye rs a t 37° C wh en ma in ta ined at 37°C in MgH -defi cient med ium , 
MgH -restored medium and cont ro l medium. T he value of Ca++ was 
ma in ta ined wi thin the physiologic range. 
vious reports by Murray et al [11] and Kleinman et al [12] have 
shown that epidermal cells from adult gu inea pig epide rmis 
attached preferent ially to collagen type IV -coated substrates. 
In t heir studies, howeve r, only 15% of epidermal cells attached 
to this substrate at 24 and 48 h r. 
Ca++ and Mg++ cations on the other hand, were found to be 
extremely important in t he ini t ial attachment of epidermal 
cells. Approximately 50% of the cells seeded attached to plastic 
substrate at 37°C in physiologic concentrations of Ca++ and 
Mg++. Lowering t he concent ration of both cations to minimal 
values was associated with an abrupt decrease in the attach-
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m ent of these cells. Less than 5% of the cells attached at 24 and 
48 hr in the cation-depleted medium. Restoration of both 
cations into t he deficient medium restored the attachment rates 
to near control values. Single cation deficiency (Ca++ and 
Mg++), moreover, decreased the attachment rates to approxi-
mately half t he values seen in control cultures. These low 
attachment rates returned near to control values upon restitu-
tion of Ca++ and Mg++ into the deficient m edium prior to 
plating. This study, therefore, demonstrates that both Ca++ and 
MgH are important in the initial attachment of neonatal mouse 
epidermal cells to plastic substrate at 37°C. These findings are 
in disagreement with those reported by Fritsch, Tappeiner, and 
Huspek [13] who found that the attachment of adult guinea pig 
epidermal cells to substrate is Mg++ dependent and Ca++ inde-
pendent. This discrepancy may have resulted from differences 
in cell line and experimental conditions tested by these authors. 
It may be argued that the cation-deficient medium is cyto-
toxic to neonatal epiderma l cells, thus explaining the low at-
tachment rates observed in those cultures. However, Trypan 
Blue exclusion of unattached and attached cells from control, 
cation-deficient and cation-restored cultures was similar at 24 
and 48 hr respectively. Trypan blue exclusion, however, does 
not rule out possible metabolic changes occurring in these cells. 
Furthermore, incorporation of CH] thymidine into DNA by 
unattached and attached cells from control, cation-deficient 
and cation-restored cultures at 24 and 48 hr indicated that t hese 
cells were viable. This suggests that any cytotoxicity, if any, 
was minimal. An interesting observation which needs further 
exploration, was the increased incorporation of CH] thymidine 
by attached cells in low Ca++ and Mg++ medium when com-
pared to control cultures. This increased incorporation of CH] 
thymidine may have resulted from alteration in some basic 
cellular mechanism(s). One of these mechanism(s) may involve 
an increase or decrease in epidermal cell differentiation trig-
gered by suboptimal concentrations of these cations, as sug-
gested by H ennings et al [14). Several recent reports show that 
Ca++ and Mg++ are closely coupled with growth and differen-
tia tion of normal or transformed cell lines [14-19). These cat-
ions have also been implicated in a variety of cell functions such 
as cell adhesion [2,3,5,20-23] cell motility and locomotion [24-
27], phagocytosis [28], exocytosis [29,30], and in maintaining 
cell shape [15], [31-34)' Therefore, the effects of cation defi-
ciency on epidermal cell monolayers may have resulted from 
alterations in cellular mechanisms which control cer tain of 
these cell functions as well as growth and differentiation of 
epidermal cells in vitro. 
The detachment ofkeratinocytes from preformed monolayers 
at 37°C was studi ed in cultures maintained in Ca++ , Mg++-
deficient medium, Ca++-deficient medium, Mg++-deficient me-
dium, and control growth medium. The rates of keratinocyte 
detachment in cultures growing in Ca++, Mg++-defi cient me-
dium or in Ca ++ -defi cient medium was increased approximately 
50%. The detachment process in restored-medium (by addition 
of Ca ++ and Mg++ or Ca ++ alone) was similar to contro l cultures. 
The number of detached keratinocytes from cultures main-
tained in M g+ + -deficient medium was similar to those of control 
or · Mg++ restored cultures. These values for cell detachment 
detected by the electronic particle counter may have been 
altered by cell aggregation [35). Microscopic examination of the 
cell suspensions, however, showed that these suspensions were 
made predomina ntly of single cells. 
Keratinocyte-detachment, as shown in this study, is a Ca++-
dependent, Mg++-independent process. The underlying molec-
ular mechanism by which Ca++ may affect cell detachment is 
unknown. Aside from its effects on cell growth and differentia-
t ion , this cation may be implicated in maintaining cell -to-cell 
ad hesion or in the regulation of enzymatic systems in the upper 
epidermis that may play an important role in keratinocyte 
detachment. These possibilities are presently under investiga-
tion. 
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Announcement 
The Hawa iian D erma tology Seminar will be held in Maui, Hawaii, Februar y 5-10, 1982. T his is a 
limited emoliment Course in Dermatology and is oriented primarily to dermatologists involved in patient 
care. This postgraduate course is sponsored by t he N orthwestern University, Cleveland Clinic, and 
University of Ca lifornia (San Francisco) D epart ments of D ermato logy. For registration informa tion and 
a preliminary program, write: Department of Dermatology, N orthwestern U nive rsity Medical School, 303 
E. Chicago Ave., Chicago, IL 60201. 
